P oultry litter is a mixture of chicken manure and bedding material. Land application as a fertilizer is the most common and accepted method of managing litter. Typically, it is applied on the soil surface by means of broadcasting and may or may not be incorporated by mixing it with the surface soil layer. Broadcast application, regardless of the incorporation, exposes certain litter nutrients to volatilization loss. The most important of these nutrients is N, part of which is lost as NH 3 during or after application (Sharpe et al., 2004; Webb et al., 2005) .
Volatilization loss occurs at all stages of litter handling, from the time of its generation in the poultry house until its deposition on land and covering by the soil. Once the litter is removed from the house, the greatest volatilization loss occurs at the time of land application with traditional manure spreaders. Several types of spreaders are available, most of which spread the litter by scattering the litter along, and laterally out from, the path of the spreader. This process separates litter particles and exposes volatile litter compounds to the air, depending on the moisture content and particle size of the litter. This exposure allows NH 3 and other compounds to volatilize from the litter particle surfaces. Additionally, once applied, separated litter particles remain on the soil surface, further exposing the litter to volatilization. In addition to diminishing the litter's fertilizer value, loss of NH 3 is an important air pollution and greenhouse gas issue (Webb et al., 2005) .
Loss of NH 3 and other volatile compounds from litter can be reduced by incorporating the litter into the soil, especially if this can be accomplished within a few hours of spreading (Webb et al., 2005) . While incorporation is effective in conserving N, the greatest loss may actually take place during surface broadcast application and before incorporation. Eliminating or minimizing litter exposure to the air by eliminating the spreading process, as in broadcast application, should eliminate or reduce the volatilization loss of nutrients and organic com-Dry poultry litter is typically land applied by surface broadcasting, a practice that exposes certain litter nutrients to volatilization loss. Applying litter with a new, experimental implement that places the litter in narrow bands below the soil surface may reduce or eliminate such losses but has not been tested experimentally. The objective of this research was to quantify cotton (Gossypium hirsutum L.) lint yield and fi ber quality improvements when fertilized with broiler litter applied in narrow subsurface bands at planting or after crop establishment compared with the traditional surface broadcast and standard inorganic fertilization. Applying litter at 6.7 Mg ha −1 increased lint yield from 984 kg ha −1 when applied by surface broadcast to an average of 1052 kg ha −1 when applied by subsurface band at planting or 1 mo later. Applying the same litter rate by subsurface banding 1 mo after planting had the added benefi t of improving fi ber properties, fi ber length in particular. Chlorophyll index measurements showed that plants received greater N nutrition, suggesting that litter-derived N was conserved when the litter was applied by subsurface banding relative to surface broadcast. These results demonstrate that applying dry poultry litter in narrow subsurface bands with this implement conserves litter-derived N and may lead to a reduction in the litter application rate relative to the conventional surface broadcast method, with an added benefi t of improved fi ber quality when the litter is applied after crop establishment.
Abbreviations: STD, conventional inorganic fertilization; UAN, urea-ammonium nitrate; UTC, unfertilized control.
pounds. This has been shown in liquid manures such as dairy and swine slurry. As much as 50 to 100% of NH 3 -N in dairy slurry and other liquid manures may be lost to volatilization if applied by surface broadcast methods, but this loss can be greatly curtailed or nearly totally prevented if the slurry is injected into the soil (Huijsmans et al., 2003; Mattila and Joki-Tokola, 2003; Meisinger and Jokela, 2000) . Applying slurry by surface banding using equipment referred to as a dragshoe applicator is also known to result in better forage yield and N uptake (Bittman et al., 1999) . A subsurface slurry applicator seems to further reduce NH 3 loss and improve forage yield and N uptake compared with surface banding (Bittman et al., 2005) . Injection into the soil compared with surface application is also known to reduce runoff P (Daverede et al., 2004) . Sidedress injection of liquid swine manure has also been reported to conserve more N in the soil-plant system than topdress application (Ball Coelho et al., 2006) .
Applying solid manures in bands under the soil surface, similar to subsurface injection of liquid wastes, should greatly reduce NH 3 loss. To date, however, no subsurface banding implement for applying poultry litter or other solid manures has existed. Recently, the USDA-ARS designed and developed a new prototype implement that applies poultry litter in precise narrow bands beneath the soil surface. Applying litter with this implement should theoretically reduce volatilization loss of NH 3 and other volatile compounds, but this has not been quantifi ed experimentally. The fi rst objective of this research, therefore, was to quantify the lint yield and fi ber quality improvement of cotton fertilized with broiler litter applied in narrow subsurface bands compared with the traditional surface broadcast method.
Applying litter in subsurface bands with this new implement, unlike the traditional surface broadcast method, facilitates litter application after crop establishment up to at least the fi rst square stage. No research-based information exists describing whether litter applied around the fi rst square stage would be effective for yield and fi ber quality and whether there is any other agronomic benefi t of applying litter after crop establishment. Our secondary objective, therefore, was to evaluate cotton yield and fi ber response to litter applied in subsurface bands after crop establishment relative to that applied before crop establishment. The spreader was equipped with a system that controlled the application rate and dispensed the litter evenly across a 1.8-m swath. In 2005, the spreader had a mechanical failure, so litter was spread by hand to mimic the small-plot spreader. Surface-applied litter was incorporated into the top ?50 mm of soil within the same day using a rotary tiller. Litter applied this way represents the current traditional method of litter application in pastures and row crops. Litter for the two subsurface banded treatments was applied using an experimental implement that placed the litter in a band along one side of the row of plants by opening a small trench (?80-100 mm deep and ?40 mm wide), dropping a calibrated amount of litter into the trench, and covering it with ?30 to 50 mm of soil, all in one operation. The litter band in both the preplant and post-plant banded treatments was placed about 0.18 m to the side of the center of the bed where the seed was sown. The litter band was applied on the north side of the bed in 2003, on the south side in 2004, and back on the north side in 2005 in rows that ran east to west. The litter used for both the broadcast and banded methods of application was passed through a device that shredded large litter pieces to pass a 12-mm screen to facilitate fl ow and more uniform application.
MATERIALS AND METHODS
The litter used in this research was uncomposted fresh broiler litter obtained from a broiler chicken producer in central Mississippi. The litter applied to the post-plant treatments each year was from the same load as the litter applied to the other treatments. The litter for the post-plant banded treatment was refrigerated at ?4°C to suppress microbial activity until application. The total nutrient concentration in the litter was determined by the same method described by Brink et al. (2004) (Table 2) basket. Lint turnout from each plot was determined from ?1.0-kg grab samples taken at the time of picking. The samples were weighed before and after air drying to constant moisture in paper bags and ginned on a 10-saw benchtop gin. Lint turnout, calculated as 100 × lint weight/(weight of lint + seed + trash), was used to convert the seed cotton yield to lint yield, which was adjusted for moisture. Subsamples from the ginned samples were used to measure fi ber quality including fi ber length, strength, micronaire, elongation, and length uniformity using high-volume instrumentation (StarLab Inc., Knoxville, TN). In addition to lint yield and fi ber quality, leaf chlorophyll index was measured four times each season between early fl owering and early boll opening stages using a Minolta hand-held SPAD-502 meter (Minolta Corp., Ramsey, NJ) on the youngest, fully expanded, main stem leaves. The concentration of N was measured on all whole leaves harvested from fi ve typical plants 86 and 85 d after planting in 2003 and 2004, respectively. The total N concentration was determined by an automated dry combustion method using a ThermoQuest C/N analyzer (CE Elantec, Lakewood, NJ) after drying and grinding the samples to pass a 1-mm sieve.
Treatment effects were tested by subjecting the data to statistical analysis using mixed-model analysis in SAS (Littell et al., 1996) . Lint yield data from one of the four blocks in 2005 was omitted from analysis because of uneven emergence and poor plant stand. Treatment means were compared by LSD at P = 0.10 or using single degree of freedom contrasts where well-defi ned structures existed.
RESULTS AND DISCUSSION
The weather in each of the fi rst 3 yr was less than ideal for cotton. In 2003, frequent rains in May delayed planting to the end of the month, which is considered very late for planting cotton in the region. The cotton was planted within the ideal planting window in 2004 and 2005, but rain defi cit in the middle of the season in 2004 and at emergence in 2005 affected the crop substantially. In spite of these weather-related diffi culties, the results show that the crop responded to treatments, enabling the assessment of litter applied as surface broadcast vs. subsurface banding relative to standard fertilization and the unfertilized control. Fertilization with conventional fertilizers (STD) increased lint yield by 319 kg ha −1 , a 48% increase, relative to the UTC ( Table 3 ), suggesting that the soil was responsive to fertilization.
Surface Broadcast vs. Subsurface Band
Measurements of lint yield and chlorophyll index suggest that applying broiler litter by subsurface banding results in better cotton performance than applying it by surface broadcasting. The 6.7 Mg ha −1 litter applied by surface broadcast resulted in 984 kg ha −1 lint yield when pooled across the 3 yr (Table 3) . When the same litter rate was applied by subsurface banding, the yield increased to 1053 kg ha −1 if applied at planting or to 1051 kg ha −1 if applied about 1 mo after planting. This increase appears small and only weakly signifi cant (P = 0.105). This may be, however, because the 6.7 Mg ha −1 litter, even when applied by surface broadcasting, was already providing near-optimum fertilization and any additional litter benefi t may not greatly increase lint yield. The 6.7 Mg ha −1 litter applied by surface broadcasting produced the same lint yield as the STD treatment, suggesting that this treatment was an optimal or near-optimal litter rate for this soil. This suggests that any additional litter may not increase lint yield.
Examination of the yield response to the broadcast litter rates shows that the response to subsurface banding would probably have been greater had we used litter rates <6.7 Mg ha −1 . Lint yield response to litter applied by surface broadcasting was greater at the lower than at the higher rates. Lint yield increased by 73 kg ha −1 for every 1 Mg ha −1 of applied litter when the litter rate increased from 0 to 2.2 Mg ha −1 , but by only 18 kg ha −1 when the litter rate increased from 6.7 to 11.2 Mg ha −1 (Table  3 ). This suggests that yield did not benefi t much from additional litter beyond 6.7 Mg ha −1 applied by broadcast. Lint yield increased by 34 kg ha −1 for every 1 Mg ha −1 litter when the applied litter increased from 2.2 to 6.7 Mg ha −1 . Fitting a curve into the relationship between lint yield and the rate of litter applied by surface broadcasting resulted in the relationship Y = 678 + 67.48(BL) − 2.87(BL) 2 (r 2 = 0.99, P = 0.07, n = 4), where Y is the lint yield (kg ha −1 ) and BL is the broiler litter rate (Mg ha −1 ) applied by surface broadcast (Fig. 1) . This relationship shows that the lint yield benefi t due to additional litter diminished as the litter rate increased to the maximum of 11.2 Mg ha −1 . Based on this relationship, the 1052 kg ha −1 actual lint yield averaged across the two 6.7 Mg ha −1 subsurface banded litter treatments would be equivalent to a yield from 9.6 Mg ha −1 broadcast-applied litter. This shows that litter recommendations based on conventional broadcast application followed by soil incorporation may be reduced by about 30% if the litter is applied by subsurface banding. The reduction could be >30% if the recommendation is based on broadcast application with no incorporation. Lack of incorporation leads to an additional loss of the fertilizer benefi t of litter (of about 8-10%) that can be eliminated if the litter is applied by subsurface banding (Tewolde et al., 2008) . Although the yield increase was not great, the fi ndings confi rm the hypothesis that subsurface banding conserves litter-derived N from loss. The litter applied by surface broadcast was incorporated into the soil several hours after application, but the fraction of litter N that was vulnerable to volatilization loss may have been lost during and after application and before incorporation. In contrast, litter applied by subsurface banding was placed directly into the soil, with little or no exposure during application, and covered with a layer of soil immediately after application. Apart from some loss of NH 3 -N during litter handling, we believe this method of application conserves much of the vulnerable fraction of litter N from loss to volatilization and increases the fraction of litter N that becomes available for plant uptake. Pote et al. (2003) provided results that tend to support our fi ndings. Pote et al. (2003) reported about 25% greater forage yield when they placed broiler litter in bands of manually formed slits than when it was broadcast on the soil surface. They associated this increase with better nutrient conservation in the root zone when the litter was applied in these slits.
The conservation of N when the litter is applied by subsurface banding is refl ected in the chlorophyll index measured several times during the growing season. The subsurface banded treatment had small but signifi cantly greater chlorophyll index values than the surface broadcast treatment in the middle of the season 87 and 104 d after planting (Table 4) . This suggests that plants that received the litter by subsurface banding extracted more N than plants that received the same amount of litter by broadcasting. This in turn suggests that applying litter by subsurface banding conserves litter-derived N and improves tissue N status.
At the end of the season, the broadcast treatments had greater chlorophyll index values than the banded treatments. The chlorophyll index values of all three treatments that received litter by broadcast application increased from the earliest to the last date, while the chlorophyll index values of the treatments that received litter by subsurface banding or the STD treatment increased from early to midseason and declined at the end of the season (Table 4) . This response seems to be Lint yield and fi ber properties of cotton fertilized with broiler litter applied by conventional surface broadcast or subsurface banding, or with conventional inorganic fertilizer. Data were pooled across 3 yr (2003-2005) . .001 † BC, surface broadcast application; SS-AP, subsurface band application at planting (AP); SS-PP, post-plant subsurface band application; STD, conventional inorganic fertilization; UTC, unfertilized control. The subscripts refer to litter rate (Mg ha −1 ). ‡ UR, uniformity ratio; Rd, degree of refl ectance; +b, yellowness. § Means followed by the same letter or with no letter assignment within a column are not signifi cantly different at P ≤ 0.10. an interesting refl ection of the placement of the N regardless of whether it was derived from litter or UAN. The difference between these two groups of treatments-surface broadcast vs. subsurface band or injection-is the method of fertilizer application. While the litter in the fi rst group was applied by broadcasting across the entire row, the litter or the UAN in the second group was applied in narrow bands to the side of the plant row. This difference in the fertilizer placement may have implications for the way nutrients, particularly N, are extracted. Early in the season, the density of cotton roots that effectively absorb nutrients probably is greater near than farther away from the row of plants and therefore around the band of litter or UAN. At these stages, N and other nutrients that fall away from the plant row when the litter is broadcast applied may not be accessible to the plant. These nutrients become accessible for uptake as the season progresses and roots gradually grow farther away from the planting row. The gradual increase in the chlorophyll index of all three broadcast treatments from 68 to 132 d after planting suggests that greater N became available as the season progressed. The UTC responded more like the banded than the broadcast treatments. This is a unique observation that suggests nutrients derived from litter, and possibly from other fertilizers, are more effi ciently utilized by the cotton plant when concentrated in narrow subsurface bands along the row than when broadcast across the entire row.
Litter Application after Planting
The effectiveness of litter applied after planting was tested in this research by including a treatment in which 6.7 Mg ha −1 litter was applied by subsurface banding about 1 mo after planting. This treatment resulted in the same lint yield as the same rate applied by the same subsurface banding at planting (Table  3 ). The subsurface band treatment applied after crop establishment, however, resulted in distinctly different lint turnout and chlorophyll index values compared with the other litter treatments, including the banding treatment applied at planting. In fact, the effect of this treatment on the lint turnout and chlorophyll index was more similar to that of the STD treatment than the other litter treatments. For example, both the STD and the post-planting band-applied litter treatments had similar lint turnout, which was less than the turnout of all other treatments including the UTC (Table 3 ). This indicates that these two treatments received better N nutrition than all other treatments that received litter at planting, as an abundant N supply is known to reduce lint turnout (Boman et al., 1997; Fritschi et al., 2003; Tewolde et al., 2007) . This is refl ected in the chlorophyll index measurements. Both the STD and the post-plant banded litter treatment had mid-to late-season (87 and 104 d after planting) chlorophyll index values well above all other treatments including the treatment that received the most litter (11.2 Mg ha −1 ) applied by broadcast at planting (Table 4) (Table 4) .
The distinct response of these two treatments may be related to the timing of application of the fertilizers and cannot be because of more N application. Unlike the other litter treatments, both the STD and the post-plant litter band treatments received their respective fertilization after crop establishment, which implies that both treatments had greater N supply at this and later stages than the other treatments.
Applying the litter in a band after planting also improved the fi ber properties. The post-plant banded litter treatment resulted in the same fi ber length as the STD but longer fi bers than all other treatments including the banded litter treatment applied at planting (Table 3 ). These two treatments also had signifi cantly better fi ber strength, uniformity ratio, elongation, micronaire, and yellowness index values when contrasted with all the other litter treatments. The similar effects of these two treatments may be an indication that applying litter and other sources of N after planting may improve cotton fi ber properties relative to applying these sources at planting.
SUMMARY AND CONCLUSION
Currently, there are no commercial implements for applying dry poultry litter in narrow subsurface bands along a row of crops. If the benefi ts of such implements can be demonstrated and measured, however, these implements will probably be available commercially and may even become the standard. In this research, broiler litter applied in subsurface bands using a prototype implement seemed to increase lint yield when ap- Table 4 . Chlorophyll index at four dates and leaf N concentration at 86 days after planting (DAP) of cotton fertilized with broiler litter applied by conventional surface broadcasting or subsurface banding, or with conventional inorganic fertilizers. Chlorophyll index data were pooled across 3 yr (2003) (2004) (2005) Contrast .001 † BC, surface broadcast application; SS-AP, subsurface band application at planting (AP); SS-PP, post-plant subsurface band application; STD, conventional inorganic fertilization; UTC, unfertilized control. The subscripts refer to litter rate (Mg ha −1 ). ‡ Means followed by the same letter within a column are not signifi cantly different at P ≤ 0.10.
-----------------------P > F -----------------------
plied at planting and both lint yield and fi ber length if applied ?1 mo after planting. Lint yield increased from 984 kg ha −1 when 6.7 Mg ha −1 litter was broadcast applied to an average of 1052 kg ha −1 when the same litter rate was subsurface banded at planting or 1 mo later. The 1052 kg ha −1 lint yield of the 6.7 Mg ha −1 subsurface banded litter was equivalent to the yield of 9.6 Mg ha −1 surface broadcast litter, which suggests that broadcast litter recommendations may be reduced by about 30%. The N conservation effect of subsurface band application was refl ected more in the chlorophyll index than in lint yield. The trend of chlorophyll index across the season revealed an observation that may be an indication of the difference in nutrient absorption patterns between surface broadcast-applied and subsurface band-applied litter. These results demonstrate that applying dry poultry litter in narrow subsurface bands with this implement conserves litter nutrients that typically are lost if applied by surface broadcast. This effi ciency provides an opportunity to reduce the amount of litter for optimum cotton production. The implement also facilitates the application of litter after crop establishment, with an added benefi t of improved fi ber quality, fi ber length in particular.
